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Magnetic tunnel junctions (MTJs), composed of two ferromagnetic electrodes separated by a thin insulating barrier layer, are currently used in 
spintronic devices, such as magnetic sensors and magnetic random access memories. Recently, driven by demonstrations of ferroelectricity at 
the nanoscale, thin-film ferroelectric barriers were proposed to extend the functionality of MTJs. Due to the sensitivity of conductance to the 
magnetization alignment of the electrodes (tunnelling magnetoresistance) and the polarization orientation in the ferroelectric barrier (tunnelling 
electroresistance), these multiferroic tunnel junctions (MFTJs) may serve as four-state resistance devices. Based on first-principles calculations 
we demonstrate four resistance states in SrRuO3/BaTiO3/SrRuO3 MFTJs with asymmetric interfaces. We find that the resistance of such a MFTJ 
is significantly changed when the electric polarization of the barrier is reversed and/or when the magnetizations of the electrodes are switched 
from parallel to antiparallel. These results reveal the exciting prospects of MFTJs for application as multifunctional spintronic devices. 
 
The field of spintronics has been successful in producing 
magnetoresistive devices for magnetic memory and sensor 
applications.1 These employ giant magnetoresistance 
(GMR)2,3 or tunnelling magnetoresistance (TMR)4- 6 
phenomena that provide a sizable change of resistance in 
response to altering magnetic alignment of two ferromagnetic 
electrodes in a magnetic metallic multilayer or a magnetic 
tunnel junction (for reviews see refs.7 and 8). The evolution 
beyond passive magnetoelectronic components is envisioned 
in the next generation of multifunctional spintronic materials 
and structures whose properties can be manipulated by several 
independent stimuli by affecting physical degrees of freedom 
set by the order parameters.9- 11 Multiferroic tunnel junctions 
(MFTJs), which exploit an active ferroelectric barrier in a 
tunnel junction with ferromagnetic electrodes, serve as 
examples of such systems.12    
Until recently the idea to combine ferroelectricity and 
electron tunnelling in a single device seemed to be unfeasible 
because quantum tunnelling is only possible through barrier 
thickness less than a few nanometres, the scale at which 
ferroelectricity was thought not to exist. Recent experimental 
and theoretical findings demonstrate, however, that 
ferroelectricity persists down to atomic sizes.13- 15 In 
particular, it was discovered that in organic ferroelectrics 
ferroelectricity can be sustained in thin films of monolayer 
thickness.16 In perovskite ferroelectric oxides ferroelectricity 
was observed down to the nanometre scale.17- 21 These 
experimental results are consistent with first-principles 
calculations that predict that the critical thickness for 
ferroelectricity in perovskite films can be as sm
22- 26  
The existence of ferroelectricity in nanometre-thick films 
makes it possible to use ferroelectrics as barriers in tunnel 
junctions.12,27 In such ferroelectric tunnel junctions (FTJs) the 
ferroelectric polarization of the barrier can be reversed by an 
external electric field producing an additional degree of 
freedom that may be explored in novel electronic devices. The 
basic idea of a FTJ (called a polar switch) was formulated by 
Esaki et al.28 However, experimental investigations of FTJs 
have started only recently, driven by the discovery of 
ferroelectricity in ultrathin films.29 Theoretical studies of FTJs 
indicate that the reversal of the electric polarization of the 
ferroelectric barrier can produce a sizable change in resistance 
or tunnelling electroresistance (TER) effect.30,31 
The functional properties of FTJs can be extended by 
replacing metal electrodes by ferromagnetic metals, making 
the junction multiferroic. In such a MFTJ, the spin-dependent 
tunnelling may be controlled through manipulation of the 
electric polarization of the ferroelectric barrier.32,33 The 
coexistence of TER and TMR effects in a MFTJ makes it a 
four-state resistive device. An alternative route to MFTJs is to 
employ single-phase multiferroic materials, such as 
La0.1Bi0.9MnO3, as a barrier.34 However, because single-phase 
multiferroics are very rare in nature and just a few of them 
retain multiferroic properties at room temperature,35 it is 
advantageous to make MFTJs from the combination of 
ferroelectric and ferromagnetic materials. 
 In this paper, we use first-principles calculations based 
on density functional theory to demonstrate the coexistence of 
TMR and TER effects in a single MFTJ. We find four 
resistance states of a MFTJ that are distinguished by the 
orientation of the electric polarization of the barrier (left or 
all as a few 
lattice parameters.   
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right) and the relative magnetization of the electrodes (parallel 
or antiparallel). We consider a SrRuO3/BaTiO3/SrRuO3(001) 
MFTJ as a model system to explore this phenomenon. This 
choice is motivated by the fact that barium titanate, BaTiO3, is 
the prototypical perovskite ferroelectric oxide. Thin BaTiO3 
films have been shown to retain ferroelectric properties down 
to one unit cell thickness.20 Strontium ruthenate, SrRuO3, is a 
ferromagnetic metal (TC~160K) which has the same 
perovskite crystal structure as BaTiO3 with lattice mismatch 
less than 2%. Recently, epitaxial SrRuO3/BaTiO3/SrRuO3 
(001) structures have been fabricated which exhibit sizable 
polarization of BaTiO3 at thicknesses of a few nanometres,36,37 
indicating that such MFTJs are experimentally feasible.  
The atomic and electronic structure of 
SrRuO3/BaTiO3/SrRuO3 MFTJs is obtained by first-principles 
calculations based on density functional theory. To simulate 
large enough systems we use a plane-wave pseudopotential 
approach as implemented in the Quantum-ESPRESSO 
package (QE)38 and the Vienna Ab-Initio Simulation Package 
(VASP).39 Fig. 1 shows the atomic structure of the junction 
with six unit cells of BaTiO3 placed between SrRuO3 
electrodes. The BaTiO3 film has different interface 
terminations: BaO at the left and TiO2 at the right interface. 
The presence of dissimilar interfaces makes the MFTJ 
asymmetric, a necessary requirement for observing the TER 
effect.30  Such control over the interface terminations is 
experimentally feasible due to ionic oxides exhibiting unit cell 
by unit cell growth.37 The in-plane lattice constant is fixed to 
be the experimental value of the bulk BaTiO3 (a = 3.991 Å), 
which is smaller than the theoretical lattice constant of BaTiO3 
(4.033 Å) but larger than that of SrRuO3 (3.97 Å). This 
produces a tetragonal distortion of both SrRuO3 (c/a = 0.988) 
and BaTiO3 (c/a = 1.021), favouring electric polarization 
perpendicular to the plane of the layers.  
First, we find equilibrium atomic structures of the MFTJ 
corresponding to the two polarization states of BaTiO3 with 
polarization pointing to the right (P→) or to the left (P←).40 
The ferroelectric instability of bulk BaTiO3 is characterized by 
uniform displacements of the cations (Ti and Ba) with respect 
to the O anions (soft mode). In bulk BaTiO3 the two opposite 
polarization directions are equivalent resulting in the 
symmetric double potential well profile shown schematically 
by the dashed line in Fig. 2a.41 For a thin film, the soft mode 
displacements are constrained by interface relaxations which 
depend on the structure of the interfaces.24 The interface ionic 
and electronic relaxations produce interface dipoles that are 
present even in the paraelectric state of BaTiO3 (black curves 
in Fig. 1). The dipoles are oriented towards the barrier at both 
interfaces, but they are very different in magnitude. The Ru 
displacement on the left is much larger than that of Ti on the 
right due to the larger ionic radius of the Ba and Ru atoms 
compared to Sr and Ti. This constrains the relaxation of the 
interface Ti atom in the BaTiO3 and produces asymmetry 
between the P→ and P← polarization states. In addition, there 
is an intrinsic electric field throughout the bulk of the barrier 
produced by the dissimilar electrostatic dipoles at the two 
interfaces. The combined effect of the geometrical constraints 
at the interfaces and the intrinsic electric field can be thought 
of as a total effective electric field that causes the two 
polarization states to have different energies, making the 
potential profile asymmetric,42 as is indicated schematically 
by the solid line in Fig. 2a.  
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Figure 1: Atomic structure of the SrRuO3/BaTiO3/SrRuO3 MFTJ. 
Displacements of the cations (Sr-Ba, Ru-Ti) are measured with respect to the 
O atoms in the same plane. Solid symbols denote displacements of Ru and Ti; 
open symbols denote displacements of Sr and Ba. Red/blue curves correspond 
to polarization of BaTiO3 pointing to the left/right. Black curves show 
interface relaxations for paraelectric BaTiO3. The interfaces are indicated by 
vertical dashed lines. 
For BaTiO3 thickness of six unit cells, we find that the 
energy difference between the P← and P→ states is 30 meV. 
The P→ state is characterized by displacements of Ti ions with 
respect to O ions at the central TiO2 layers of about 0.09 Å. 
These are comparable to the respective displacements in bulk 
BaTiO3 (0.12 Å). The unfavourable effective field pointing to 
the right prevents the P← state to develop until the thickness of 
BaTiO3 reaches six unit cells. Even then the polarization 
displacements of 0.06 Å are substantially smaller than those 
for the P→ state. Thus, the different interface terminations 
produce asymmetric ferroelectric displacements which play an 
important role in the TER effect. The obtained structural 
properties and energetics of the BaTiO3/SrRuO3 
heterostructure with asymmetric interfaces are consistent with 
previous calculations.42  
Polarization charges at the interfaces are not completely 
screened by the SrRuO3 electrodes. The incomplete screening 
gives rise to a depolarizing field pointing opposite to the 
polarization. Fig. 2b shows the electrostatic potential energy 
profile within the junction. The effect of the electrostatic 
potential is a gradual decrease in energy of the BaTiO3 
conduction band minimum (CBM) from about 0.4 to 0.7 eV 
 2
with respect to the Fermi level in the direction of polarization. 
This is reflected in the local density of states on the interfacial 
Ti atoms, shown in Fig. 2c. The shift is in the opposite 
direction for the P← and P→ states.  
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Figure 2: Effects of ferroelectricity in the SrRuO3/BaTiO3/SrRuO3 MFTJ. (a) Schematic double-well potential for bulk BaTiO3 (dashed line) and for the 
MFTJ (solid line). (b) Cell averaged electrostatic potential energy profile for polarization to the right P→(blue) and left P←(red) states. Interfaces are indicated by 
vertical dashed lines. (c) Local density of states (LDOS) on the left (dashed line) and right (solid line) interfacial Ti atoms for P→ (top panel) and P← (bottom 
panel) states. The Fermi energy is denoted by the vertical line.  
 
Next, the tunnelling conductance of the MFTJ is 
calculated using a general scattering formalism43,44 
implemented in QE. The structure of Fig. 1 is considered as 
the scattering region, ideally attached on both sides to semi-
infinite SrRuO3 leads.45 The conductance per unit cell area is 
given by the Landauer-Büttiker formula 
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k
k , (1) 
where  G→  is the conductance for polarization pointing to the right  and G← the conductance for polarization pointing to the left. Both the calculated TMR and TER ratios are very large 
and are dependent on the other ferroic order (i.e. TMR 
depends on the polarization state and TER depends on the 
magnetization state). This is the signature of a true 
multifunctional device. 
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where Tσ(k||) is the transmission probability of the electron 
with spin σ at the Fermi energy. The k|| = (kx, ky) is the Bloch 
wave vector corresponding to the periodicity in the plane of 
the junction. Since the P← and P→ states are non-equivalent 
with respect to inversion, four distinct conductance states for 
the MFTJ are then produced by two TMR and two TER 
conductance states. Fig. 3 shows schematically the four 
conductance levels indicating the possibility of switching 
between them by electric (E) and magnetic (H) fields.   G         
(10-7 e2/h)
↑↑ ↑↓ ↑↑:↑↓ TMR  
(%) 
→  3.76 0.83 4.6 64 
←  11.82 1.69 7.0 75 
← : →  3.1 2.1   
TER (%) 52 35   
The figures of merit for the MFTJ are the magnitudes of 
the tunnelling magnetoresistance and electroresistance effects. 
We define the TMR ratio as 46 
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 TMR
G G
G G
↑↑ ↑↓
↑↑ ↑↓
− , (2) = +
where G↑↑ is the conductance of the parallel and G↑↓ is the 
conductance of the antiparallel magnetization configuration. 
The TER ratio is defined as 
 TER G G
G G
← →
← →
−= + , (3) 
Figure 3: Conductance of the SrRuO3/BaTiO3/SrRuO3 MFTJ. The four 
conductance states are distinguished by polarization in the barrier pointing to 
the left (←) or right (→) and magnetization of the electrodes being parallel 
(↑↑) or antiparallel (↑↓). Conductance values are given per transverse area of 
the unit cell. TMR and TER ratios are defined according to eqs. (2) and (3), 
respectively. The diagram on the top shows schematically the four resistance 
states that can be controlled by electric (E) and magnetic (H) fields. 
To gain insight into the large changes in the conductance 
as the various ferroic order parameters are switched, we 
analyze the k||-resolved transmission, plotted in Fig. 4. When 
the magnetizations of the electrodes are aligned parallel, for 
either spin channel or polarization orientation the main 
contribution to the conductance comes from the area around 
the Brillouin zone centre at k|| = 0 ( Γ  point). In a generic 
cubic perovskite crystal, ABO3, the Γ-point d states of the 
transition metal B atom are split by the octahedral crystal field 
produced by the O cage into t2g states (dzx, dzy, dxy) and eg 
states (dz2 and dx2 – y2), with the t2g levels lying lower in energy. 
Hybridization with the O p states splits these d bands into low 
lying bonding bands, and high lying anti-bonding bands. The 
anti-bonding bands either become the conduction bands of 
insulating perovskites (such as BaTiO3), or form the Fermi 
surface of metallic perovskites (such as SrRuO3). In the 
layered perovskites system we consider here, the symmetry is 
lowered from cubic to that of a square, and at the Γ  point the 
bands can be categorized by their axial symmetry around the 
z-axis: t2g bands split to form a doubly degenerate band with 
Δ5 symmetry (dzx, dzy) and another band having Δ2 axial 
symmetry (dxy). Similarly the eg bands split into one band with 
Δ1 symmetry (dz2) and one with Δ2′ symmetry (dx2 – y2).  
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Figure 4: Transmission in the 2D Brillouin zone of the SrRuO3/BaTiO3/SrRuO3 MFTJ. Top (bottom) panels show k||-resolved transmission for polarizations 
of the BaTiO3 barrier pointing to left (right). Here are the components of the in-plane Bloch wave vector k||.  Left and middle panels show majority- and minority-
spin electrons, respectively, for parallel magnetization of the electrodes. Right panels show antiparallel magnetization of the electrodes. 
  
Due to the exchange splitting in the ferromagnetic metal 
perovskite SrRuO3, the majority t2g anti-bonding bands are 
almost fully occupied and the minority eg anti-bonding bands 
are completely empty. Conversely, the majority eg and the 
minority t2g anti-bonding bands are partially occupied, forming 
the Fermi surface. Along the [001] direction at Γ there is one 
Fermi sheet in the majority spin channel consisting of states 
with Δ1 symmetry and two degenerate Fermi sheets in the 
minority channel with Δ5 symmetry (see Fig. 5a). As a result, 
the conduction properties of the SrRuO3 electrodes in our 
tunnel junctions are controlled by one propagating state in the 
majority- and two in the minority-spin channel at the Brillouin 
zone centre. 
In BaTiO3 the anti-bonding states are completely empty 
and the insulating gap reflects the splitting between the 
bonding and anti-bonding bands, with the t2g anti-bonding 
bands forming the lowest conduction bands. Within the band 
gap there exist evanescent states with wavefunctions that 
decay exponentially with a rate κ determined by the complex 
band structure.47 These complex bands can also be 
characterized by their symmetry: the three states with the 
lowest decay rates within the band gap consist of a Δ5 doublet 
and a Δ1 singlet. Importantly, these complex bands are highly 
sensitive to the magnitude of the ferroelectric displacements 
which, in turn, depend significantly on the polarization 
direction in the barrier (see Fig. 1). This is illustrated in Fig. 
5b by plotting the complex bands of bulk BaTiO3 for two 
different soft-mode magnitudes corresponding to the 
displacements at the centre of the barrier for the P← and P→ 
states. It is seen that the main effect is an overall increase in 
the decay constants with larger soft-mode magnitude, 
consistent with the previous comparison between ferroelectric 
and paraelectric BaTiO3.31 This arises due to the reduced 
dispersion of the conduction bands states as the Ti atoms are 
displaced closer to one of the O atoms, yielding a 
corresponding increase in the band gap. 
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Owing to the preservation of wavefunction symmetry 
across the epitaxial SrRuO3/BaTiO3 interfaces, the Γ  point 
majority-spin states at the Fermi level decay inside the barrier 
according to the Δ1 band of BaTiO3, whereas the minority-spin 
states decay according to the Δ5 band, yielding a perfect 
correspondence between symmetry and spin. In the parallel 
magnetic configuration, both polarization directions conduct 
with the minority-spin conductance being approximately twice 
as large as the majority-spin conductance (see Fig. 4). For the 
antiparallel magnetic configuration, there is no conductance at 
the Γ  point due to symmetry mismatch. Majority-spin Δ1 
states of the left electrode cannot be transmitted to the 
minority-spin Δ5 states of the right electrode and vice versa. 
As a result the antiparallel conductance is much smaller than 
the parallel, yielding the large TMR values listed in Fig. 3. 
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Figure 5: Electronic band structure of SrRuO3 and BaTiO3. (a) Spin-
polarized bands along the [001] direction for SrRuO3. Majority-spin (solid) 
and minority-spin (dashed) bands near the Fermi energy are labelled with their 
symmetry. (b) Decay constant for BaTiO3 for soft-mode displacement 
magnitudes corresponding to the P← (red) and the P→ (blue) states. Thick 
curves indicate the doubly degenerate Δ5 states, and the thin curves the Δ1 
symmetry states. Vertical dashed lines show the average position of the Fermi 
energy in the tunnel junction with respect to the valence band maximum 
(VBM) and the conduction band minimum (CBM). 
To elucidate the effect of ferroelectric polarization on the 
conductance we approximate the transmission probability for 
an electron within a given band and k|| by 48 
 ( ) ( ) ( ) ( )|| || || ||exp 2LT t d tκ⎡ ⎤≈ −⎣ ⎦k k k kR
                                                
. (4) 
Here tL(k||) and tR(k||) are the interface transmission functions 
(ITF) characterizing the left and right interfaces. The 
exponential factor accounts for the decay of the electronic 
wavefunction through the barrier of thickness d with a decay 
rate κ(k||).  According to eq. (4), there are two possible factors 
contributing to the polarization dependence of the 
transmission: (i) change of the ITFs and/or (ii) change of the 
decay rate in the barrier. 
Due to the electrostatic shift of the CBM, the barrier 
height at the interface decreases along the polarization 
direction. Therefore, when polarization is pointing to the right, 
tL increases and tR decreases; and the other way around when 
polarization is to the left. Thus the product tLtR does not 
change significantly, therefore, it cannot account for the factor 
of 3 change in conductance.  
Changes in the decay rate induced by polarization reversal 
can be estimated from the complex band structure of BaTiO3 
in Fig. 5b. For simplicity we use in our estimate the average 
positions of the Fermi level for the two polarization states, 
indicated by the vertical lines in Fig. 5b. Taking the 
corresponding values of κ we find that the exponential factor 
exp[–2κd] changes by a factor of 2.2 for the Δ1 states and by a 
factor of 2.5 for the Δ5 states as the polarization changes from 
right to left, indicating that the dominant source of TER in 
these junctions is the change in complex band structure 
induced by the left-right asymmetry of the ferroelectric 
displacements in the barrier.  
Our results clearly demonstrate the strong effect of 
ferroelectricity on electron and spin transport properties of 
multiferroic tunnel junctions comprising ferromagnetic 
electrodes and a ferroelectric barrier. Using 
SrRuO3/BaTiO3/SrRuO3 junctions with asymmetric interfaces 
as a model system we have predicted the co-existence of 
tunnelling magnetoresistance  and tunnelling electroresistance 
effects, indicating that magnetic tunnel junctions with 
ferroelectric barriers may serve as four-state resistance 
devices. These results reveal the exciting prospects of such 
multiferroic tunnel junctions for application in multilevel non-
volatile memories, tuneable electric and magnetic field 
sensors, and multifunctional resistive switches. We hope that 
these results will further stimulate experimental efforts in 
studying magnetic tunnel junctions with ferroelectric barriers.   
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